The genetic structure of five Fennoscandian populations of the threatened wood-decay fungus Fomitopsis rosea (Basidiomycota) was investigated using codominant PCR-RFLP, allele specific amplification (ASA) markers, inter simple sequence repeat (ISSR) markers and mating studies. Sequence analyses of a subset of single spore isolates revealed sequence variation in four target sequences ; internal transcribed spacer (ITS) and intergenic spacer (IGS1) of the nuclear ribosomal DNA, the translation elongation factor 1 alpha (efa) gene and the super oxide dismutase (sod ) gene. No sequence variation was found in amplified portions of the mitochondrial large and small rRNA genes. Genotype distributions were mostly (90 %) in accordance with Hardy-Weinberg expectations, and the nrDNA markers (ITS/IGS1), efa and sod were in most cases (87 %) in linkage equilibrium, indicating an outcrossing reproductive mode, panmictic conditions and large population sizes of the fungus. Mating tests confirmed that F. rosea exhibits an outcrossing bipolar heterothallic mating system. Mating allele richness was high in two investigated populations. Phylogenetic analyses of ITS and IGS1 sequences from the five geographic populations revealed some geographic sub-structuring of the ITS sequences, but no sub-structuring of IGS1. The nrDNA (ITS/IGS1), efa and sod markers gave a low overall F ST (0.013). The ISSR markers gave no clustering of the populations in UPGMA, and the between-population variance component was very low in AMOVA (0.4%), indicating a high level of gene flow.
INTRODUCTION
The boreal forests of Fennoscandia have been subjected to extensive structural changes during the last centuries. Intensive forestry has resulted in old-growth pristine forests being a rare sight and the input of dead wood into the forest ecosystem being reduced (Fridman & Walheim 2000 , Jonsson 2000 . Dead wood is an essential habitat and energy resource for insects and cryptogams of the boreal forest. The decreasing availability of dead wood places a major constraint on these species (Berg et al. 1995 , Bendiksen et al. 1997 , Larsson 1997 .
Fomitopsis rosea (Aphyllophorales, Basidiomycota) is a threatened polypore species in Fennoscandian forests (Bendiksen et al. 1997 , Larsson 1997 . It produces perennial fruit bodies on dead wood of conifers, in particular on spruce, and has a circumboreal distribution (Ryvarden & Gilbertson 1993) . The species is mostly confined to well preserved old-growth coniferous forests. This habitat has been significantly reduced during the last centuries in Fennoscandia, and it seems reasonable to conclude that the distribution and population size of F. rosea also has been reduced. Such changes could lead to increased inbreeding and loss of genetic polymorphisms, especially if F. rosea has limited dispersal and re-colonisation capacities.
A significant heterozygote deficit among Fennoscandian samples and a significant genetic differentiation among North European populations of F. rosea have been observed, possibly owing to limited gene flow and local non-random mating . In contrast, genetic differentiation is limited in other Aphyllophorales species at a regional scale in Northern Europe , Vasiliauskas, Stenlid & Thomsen 1998 , Ho¨gberg, Holdenreider & Stenlid 1999 .
Several interacting factors shape population genetic structure. While mutations, genetic drift and sometimes selection promote differentiation, gene flow promotes homogenisation. Mating type system and genetic intersterility barriers can also influence the microevolution of basidiomycetes. F. rosea has a heterothallic (outcrossing) bipolar mating system (Mounce 1930 , Nobles 1965 , so a single mating type locus governs the mating process. For mating to occur, the interacting haploid mycelia must have different mating type alleles. In addition to dispersal by sexually produced spores, some basidiomycetes exhibit clonal expansion by mycelial growth over short distances or disperse by asexual spores over long distances . Thus, the population genetic structure of basidiomycetes could be complex.
Random amplified polymorphic DNA (RAPD) markers and inter simple sequence repeat (ISSR) markers have recently been used to analyse genetic variation in wood-inhabiting fungi , Vainio & Hantula 2000 . ISSR markers yield high reproducible results (Hantula, Dusabenyagasini & Hamelin 1996) . However, codominant markers, such as microsatellites (ST-SSRs), restriction fragment length polymorphisms (PCRRFLPs), single stranded conformation polymorphisms (SSCPs) or allele specific amplification (ASA) markers, yield information on the levels of inbreeding in populations, which is an important issue in conservation genetics. In vitro mating studies between homokaryons is also a most valuable tool for characterising mating system and intersterility groups of a species.
The prime goals in this study were to characterise the genetic structure of Fennoscandian populations of F. rosea, thereby to infer dispersal capacity and levels of outcrossing and inbreeding in populations. Five widely separated populations of F. rosea in Norway, Sweden and Finland were studied for genetic variation by using codominant PCR-RFLP and ASA markers, and dominant ISSR markers. The mating system and mating type richness in two populations were also characterised using in vitro mating.
MATERIALS AND METHODS

Samples
For the study of population structure on a regional scale, parts of 215 Fomitopsis rosea fruit bodies from five geographically separated coniferous forest localities in Fennoscandia were sampled at random (Fig. 1) . 198 culture isolates (heterokaryons) from hyphae of fruit bodies were successfully made and grown on 2 % malt extract agar (MEA) at 25 xC in darkness. Eighty single spore cultures (homokaryons), derived from germinating spores on nutrient media (MEA) in Petri dishes, were maintained for sequencing purposes and for performing mating compatibility studies. Somatic cultures and single spore cultures were assayed for presence or absence of clamp connections on hyphae by light microscopy. Isolate designations are as follows : the two first letters indicate the species name (Fr=F. rosea) ; and the next two letters indicate the population (e.g. Um=Umea˚), and number indicates isolate number. A dot behind a number indicates a single spore isolate.
Mating compatibility studies
Mating compatibility studies were done using homokaryotic single spore mycelia. Two single spore cultures were placed 2 cm apart on 9 cm Petri dishes (2 % MEA), incubated at 25 x, and examined after 4-5 wk. The mating reactions were judged as compatible or incompatible based on presence or absence of clamp connections, respectively.
Molecular methods
DNA was extracted from all isolates using the CTAB miniprep method described by Murray & Thompson (1980) with minor modifications : DNA was resuspended in 100 ml sterile milliQ H 2 O at the final step of extraction, and DNA templates were diluted 50 fold before PCR-amplification. Amplification was accomplished using the primers ITS4 and ITS5 (White et al. 1990 ) for the ITS1-5.8S-ITS2 nrDNA region, the primers CNL12 and 5SA for the IGS1 nrDNA region (White et al. 1990 , Anderson & Stasovski 1992 , the primers EF595F (CGTGACTTCATCAAGAACATG) and EF1160R (CCGATCTTGTAGACGTCCTG) for the partial translation elongation factor 1 alpha (efa) region (Kauserud & Schumacher 2001) , the primers SOX1R (GAGCAGTACGCCAAGCTGCAGAG) and SOX1L (ATGATGGGGACGTGGGCTG) for the partial super oxide dismutase (sod) region (James et al. 2001) , MS1 and MS2 (White et al. 1990 ) for a partial sequence of the SSU mitochondrial (mt) rRNA gene, and ML1 and ML2 (White et al. 1990 ) for a partial sequence of the LSU mt rRNA gene. The internal primers FrIGS1-228F (GTTCAACGACA-AGTTGAACTCT) and FrIGS1-233R (GAGTACT-CCTCGTACAAA-GGA) were designed for sequence analysis of the entire IGS1 region.
PCR was performed in 40 ml reactions containing 19.5 ml 50r diluted template DNA and 20.5 ml reaction mix (final concentrations : 4r250 mM dNTPs, 0.625 mM of each primer, 2 mM l MgCl 2 and 1 unit DyNazyme TM II DNA polymerase (Finnzymes Oy, Espoo) on a Genius Operator (Techne) or Biometra PCR machine. The program of the ITS amplification was : 4 min at 94 x, followed by 36 cycles of 30 s at 94 x, 35 s at 52 x, 72 x for 40 s, and a final extension step at 72 x for 10 min before storage at 4 x. A similar program was used for amplifying IGS1, efa, sod and mtDNA LSU and SSU rDNA, except that the annealing temperature was 55 x for IGS1 and efa, 54 x for sod, 53 x for LSU, and 48 x for SSU.
PCR products of homokaryons were sequenced manually using the PCR primers as sequencing primers, and the ThermoSequenase radiolabeled terminator cycle sequencing kit (Amersham Pharmacia Biotech, Ohio) and [a- 33 P]ddNTPs. EMBL/GenBank/DDBJ accession nos of sequences are : AJ413586-AJ413599 and AJ415535-AJ415564.
Based on single base pair polymorphisms found at positions 82 (ITS) and 393 (efa), respectively (Table 1) , we designed the allele-specific (ASA) primers FrAsaITSa (ATGATCAGGGCGTGCACA) and FrAsaITSb (ATGATCAGGGCGTGCACG) for ITS, and FrAsaEf1a (TGCTGACTACATGCGTACTA) and FrAsaEf1b (TGCTGACTACATGCGTACTT) for efa. The polymorphic sites corresponded to the 3k-ends of the ASA primers. The ASA primers were combined with primers ITS5 and EF1160R, and separate reactions were run for each primer combination using the following program : 4 min at 94 x, followed by 37 cycles of 25 s at 94 x, 30 s at 65 x (ITS) or 63 x (efa), 72 x for 35 s, and a final extension step at 72 x for 10 min before storage at 4 x. The annealing temperatures for the ASA amplifications were optimised on a Biometra gradient PCR machine. Twenty of the isolates were reanalysed to assess the reproducibility of the markers. Fifteen isolates subjected to ASA analyses were verified by sequence analyses, which provided consistent data. All PCR-RFLP and ASA markers were located in intron sequences.
ISSR amplification was performed in 40 ml reactions using the same reaction mixture and concentrations as in the above reactions, except that the concentration of the ISSR primer used (GGGC[GA] 8 ) (Becker & Heun 1995) was doubled. The program for the ISSR reactions was as follows : 5 min at 95 x; one cycle of 30 s at 95 x, 2.5 min at 92 x, 1 min at 55 x, and 2 min at 72 x; and 44 cycles of 1 min at 92 x, 1 min at 55 x, and 2 min at 72 x (Becker & Heun 1995) . The program ended with a 10 min extension step at 72 x before storage at 4 x. Replicated PCR amplifications were performed on 12 isolates to assess the reproducibility of the ISSR fragments detected.
For restriction analyses, 10 ml of IGS1 and sod amplicons were digested in 25 ml volumes containing 16.5 ml H 2 O, 2.5 ml buffer and 0.5 ml enzyme (BstOI for IGS1 amplicons and HincII for sod amplicons), following the manufacturer's instructions (Promega, Southampton).
ISSR, ASA and restriction products were separated on 2 % agarose gels stained with ethidium bromide, using 0.5rTBE as running buffer. Results were recorded by photographing the gels over UV light. Only clear and distinct ISSR amplicons were included in the analyses.
Statistical analyses
Codominant data were acquired for 172 heterokaryotic isolates, and the ISSR data were acquired for 195 heterokaryotic isolates. The biallelic PCR-RFLP and ASA loci were scored according to the presence or absence of restriction sites or allele-specific amplicons. The ISSR bands were analysed as phenotypes (presence of a fragment is dominant to absence) and scored as present (1) or absent (0). Chi-square tests for heterogeneity of allele/fragment frequency distributions (performed in two-way contingency tables), observed and expected heterozygosity, and F statistics (F ST and F IS ), were estimated using POPGENE 1.32 (Yeh et al. 1997) . Evidence for linkage disequilibrium between pairs of PCR-RFLP/ASA markers was assessed using Arlequin 2.0 (Schneider, Roessli & Excoffier 2000) according to Slatkin & Excoffier (1996) with 1000 permutations and 10 initial conditions. Evidence for deviation from Hardy-Weinberg (HW) equilibrium was assessed for the PCR-RFLP/ASA markers using the exact probability test (Guo & Thompson 1992) implemented in Arlequin 2.0, with 1000 steps in Markov chain and 1000 dememorisation steps. Analysis of molecular variance (AMOVA), calculation of overall F ST values, and significant departure from zero were performed in Arlequin 2.0 according to Weir & Cockerham (1984) with 1000 permutations. Unweighted Pair Groups Method Analysis (UPGMA) of the ISSR data was performed in NTSYSpc2.02 (Rohlf 1994) . Sequences were aligned manually in BioEdit (Hall 1997) . Phylogenetic relationships among the ITS and IGS1 sequences were constructed by parsimony, using a branch and bound search algorithm in PAUP (beta version 4.0.4 ; Swofford 1999) with Table 1 . Distribution of sequence polymorphisms of the internal transcribed and intergenic nrDNA spacer sequences (ITS and IGS), and in the partial sod and efa sequences in Fomitopsis rosea. The variable positions are indicated (vertically numbers). Isolate designations are explained in Materials and Methods (N=A, C, G or T).
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RESULTS
Sequence variation in target sequences
The distribution of nucleotide polymorphism in the ITS, IGS1, sod and efa sequences is shown in 
Population genetic analyses
We observed that digestion with the endonucleases BstOI and HincII gave polymorphic biallelic markers based on single nucleotide substitutions in IGS1 (position 923) and sod (position 39) ( Table 1) . No suitable endonucleases were found for ITS and efa restrictions. Biallelic codominant markers were developed for ITS and efa by designing allele specific primers based on single bp polymorphisms in positions 82 (ITS) and 393 (efa) ( Table 1) . Linkage disequilibrium between the ITS and IGS1 markers were detected in all populations (P>0.05). In most cases (87 %), disequilibrium was not detected between the nrDNA markers (ITS/IGS1) and efa and sod. Only in the Umeap opulation was linkage disequilibrium detected between ITS and efa, and between efa and sod. Observed and expected heterozygosity and F IS values for the five geographic populations are shown in Table 2 . Genotypic proportions did in most cases (90 %) not depart from HW equilibrium. A high heterozygote deficit was found in the sod locus of the Umea˚population (F IS =0.49) and in the ITS restriction site of the Mørkvasslia population (F IS =0.43). However, these two departures could be ascribed to Type I errors (the null hypothesis of no deficit erroneously rejected), of which one or two are expected among the 25 values in Table 2 . When data were pooled across populations, a significant deviation from HW expectations was apparent for IGS1, whereas no such deviation was found for ITS, efa and sod (Table 2) .
Genetic differentiation
Phylogenetic analyses of ITS and IGS1 sequence data were performed separately. Some geographic sub-structuring was apparent in the ITS phylogram The ITS and IGS1 data were pooled before the average values were calculated, due to the non-independence of these data. (Fig. 1B) ; the isolates from the Kuhmo (three) and Mørkvasslia (six) constituted parts of two main subclades, and there is a geographical clustering East/ West. However, the clades obtained low bootstrap support (60 % and 63 %) (Fig. 1B) . Phylogenetic analyses of the IGS1 sequences revealed negligible geographic sub-structuring (data not shown). Allele frequency data for ITS, IGS1, efa and sod are shown in Table 3 . Tests for heterogeneity of allele frequencies gave no statistically significant results for ITS, IGS1 and efa, but allele frequencies at sod differed significantly among populations (x 2 tests, P<0.05). In the Mørkvasslia population the sod locus was fixed, while the other markers (ITS, IGS1, efa) were polymorphic in all populations. The F ST s for the four loci (separately calculated) ranged from 0.008 (ITS) to 0.065 (sod ) ( Table 3 ). Due to the non-independence between ITS and IGS1, the ITS data were excluded from the AMOVA. AMOVA revealed that only 0.68 % of the total variance could be ascribed among populations (F ST 0.013).
Frequency data for the ISSR fragments are shown in Table 4 . Eleven polymorphic ISSR fragments were scored as present or absent across the geographic populations. Seven of the scored ISSR fragments occurred in all localities. Tests for heterogeneity of the ISSR fragment frequencies showed no significant deviations from the null hypothesis of an even distribution (x 2 tests, P<0.05), except in one (no. 550). Isolates from the different geographic populations did not constitute separate clusters in UPGMA (data not shown). AMOVA partitioned the ISSR variation into 99.6 % within-locality variation and 0.4 % betweenlocality variation, indicating no genetic sub-structuring among populations. The proportion of unique multilocus ITS/IGS1/efa/sod/ISSR genotypes within populations ranged from 69% in Mørkvasslia, 84 % in Sigdal and Kuhmo, 90% in Rovaniemi, to 96% in the Umea˚population.
Mating compatibility studies
Interstock pairings among 19 homokaryons derived from five geographic populations gave 128 compatible (90.1 %), 4 incompatible and 6 partially compatible pairings, indicating no genetic barriers to gene flow (data not shown). Four pairings were omitted from the analysis due to restricted growth. Interstock pairings between 14 homokaryons derived from the Sigdal locality gave 65 compatible (77.4 %), 6 incompatible, and 13 partially compatible pairings (Table 5) . One fruit body (no. 32) is apparently represented by two spores that share the same mating type, which can be regarded as an experimental duplication. Almost all the partially compatible pairings involved one isolate (no. 7.2). Interstock pairings of 12 homokaryons from the Mørkvasslia population gave mere compatible pairings (Table 5) . Two sets of intrastock pairings were performed using 2r15 homokaryons derived from two fruit bodies (FrSd13 and FrMv19). The mating crosses in the spore families from the two fruit bodies were in both cases consistent with a heterothallic mating system. However, the mating reactions in spore family FrMv19 were inconsistent with a bipolar system. In this spore family there was a highly skewed 2 :1 mating allele distribution, opposed to an expected 1: 1 distribution. In spore family FrSd13, a 3:2 distribution of mating alleles was observed. The mating allele distributions in the two spore families did not differ significantly from the expected 1 :1 distribution ( x 2 tests, P> 0.05). However, the sample sizes used have little power to detect significant departures from the expected.
DISCUSSION
The predominance of HW and linkage equilibrium between unlinked markers suggest that Fomitopsis rosea is an outcrossing panmictic species, and that mating between relatives is limited. In a concurrent study of the polypore Trichaptum abietinum, Mendelian segregation of ITS, IGS1 and efa PCR-RFLP markers were observed (data not shown), which suggest reliability of the markers. The observed HW equilibrium implies that the studied populations are large enough to avoid significant heterozygote deficits. This is in accordance with our observations of many F. rosea fruit bodies on logs in the study sites. Each fruit body generally produces a high number of spores that may get mixed up in a common 'spore load ' in the air, establishing panmictic conditions. Clonal or vegetative dispersal is a common feature in many plant pathogens, especially among ascomycetes, but seems rarer among basidiomycetes. The high number of multilocus PCR-RFLP/ASA/ ISSR genotypes in the geographic populations of F. rosea suggests that basidiospore dispersal must be important in the structuring of populations. Basidiospore dispersal and meiotic recombination increase the level of genotypic diversity within populations. The generally lack of linkage disequilibria (87 %) between the nrDNA markers (ITS/IGS1), and efa and sod, suggests that the number of clones is low or missing. Linkage disequilibrium was apparent between ITS and efa, and between efa and sod in the Umea˚population, which could possibly indicate some clonality. However, this could also be a result of genetic linkage. Nevertheless, a high number of unique multilocus genotypes in this population (96 %) suggest that sexual dispersal is predominant.
The interstock matings within two populations (Sigdal and Mørkvasslia) indicated high mating allele richness suggestive of high genetic diversity and that several individuals could have founded the populations. A heterothallic mating system of multiple alleles is believed to prevent self-mating and to minimize the number of incompatible matings. The higher proportion of compatible interstock matings observed within the Mørkvasslia population (100 %) compared to the Sigdal population (77.4 %), indicate a higher number of shared mating alleles in the latter population. In the Sigdal population, four homokaryons (two of them derived from the same fruit body) shared one mating allele, while another two shared a second allele (Table  4) . Some matings within the Sigdal population were only partially compatible. However, higher statistical samples are needed to draw definitive conclusions about the mating allele richness in F. rosea populations. Multiple mating alleles have been observed in several basidiomycete populations (e.g. Anderson et al. 1991 , Kay & Vilgalys 1992 . In the tetrapolar Pleurotus ostreatus a tendency towards spatial clustering of mating alleles (A and B) was observed (Anderson et al. 1991) .
The ISSR and the codominant data suggest that the genetic variation in the Mørkvasslia population is lower than in the other populations. In this population, high heterozygote deficits in the ITS/IGS1 restriction sites were detected, and the sod locus showed fixation. Furthermore, the Mørkvasslia population possessed the lowest proportion of unique multilocus ITS/IGS1/ efa/sod/ISSR genotypes (69 %), mainly because of the fixation of the sod locus. We did not observe any special features of the Mørkvasslia locality (e.g. small population size) that could explain these results. Mating allele richness was high, which apparently indicate high gene flow. The codominant data and the ISSR markers revealed little genetic differentiation among geographic populations, indicating high dispersal capacity and gene flow. The influence of some geographic sub-structuring in the ITS phylogeny did not get high statistical support, nor did the IGS1 phylogeny give support for population subdivision. When restricted gene exchange occurs between populations, it is to be expected that genetic drift and selection cause the genetic composition to differ between populations. The low level of genetic differentiation indicate that Fennoscandian populations of F. rosea all belong to a larger population sharing the same gene pool, and are not reproductively isolated. The interstock matings from the various geographic populations were mostly compatible (ca 90 %), indicating no genetic barriers to gene flow in the area. Interestingly, a significant genetic differentiation was observed in North European collections of F. rosea when using AP-PCR markers . Various explanations may account for the observed differences in the study of and our study. In the former study, samples from a wider area of Northern Europe were included, which may account for more genetic variation. The molecular markers, sample sizes and may be the actual population sizes were different in the two studies, as well. In most Aphyllophorales studied to date, little genetic differentiation has been observed on a regional scale (e.g. . In Fomitopsis pinicola, no population differentiation was observed in spite of large geographical distances among the populations studied . Our data indicate likewise high dispersal capacity for F. rosea, which suggests that the species is able to colonize suitable old-growth habitats, if available.
High mating allele richness observed in the two investigated Norwegian populations indicates a high genetic variation and lack of inbreeding. Marked heterozygote deficits and inbreeding due to small population size, were generally not observed. In contrast to our results, a marked heterozygote deficit was found in Scandinavian populations of F. rosea based on AP-PCR analysis of spore families derived from fruit bodies . Potential causes of the observed differences between the two studies could be due to : (1) usage of different DNA markers; (2) different sample sizes (three times higher n in the current study) ; (3) different actual population sizes ; or (4) that the populations were sampled at different sites with different forest management histories. However, F. rosea generally do not occur in human-modified areas. Thus, the isolates in our study were obtained from rather large populations from old-growth forests, where negative genetic effects probably have not accumulated. During several hundred years, the Fennoscandian region has been heavily exploited for timber. In spite of this, our results indicate that local populations of F. rosea include high genetic variation due to high levels of gene flow and thus are sustainable in a fragmented forest landscape if suitable habitats are provided.
A lowered spore germination rate was also observed in Swedish (South-Scandinavian) collections of F. rosea compared to Russian collections, a difference that was ascribed to reduced population sizes and potential inbreeding effects of the Scandinavian F. rosea populations (Ho¨gberg, Stenlid & Angelstam 1998 ). Although we did not perform comparative analyses of spore germination, we generally observed a high spore germination rate among single spores (also South-Scandinavian) of F. rosea discharged on malt agar. More research is obviously needed on inbreeding effects on spore production and germination in this species.
It is not fully understood why F. rosea is so rare and ecologically confined to old-growth forests in Scandinavia . The typical substrate of weakly decayed coniferous logs is common in most forested areas. Cultural studies have shown that the species is a good competitor above other basidiomycetes (Holmer, Renvall & Stenlid 1997) . High competition for space and substrate from other basidiomycetes during the initial colonization may possibly be a reason for its scarcity. In general, an enormous amount of basidiospores is discharged from basidiomycete fruit bodies (Ingold 1971) , and can give rise to a substantial aerial ' spore load '. At an initial stage of colonization, intense competition for space may exist where the locally most abundant species (with the highest spore load) have the highest odds for establishment, dikaryotization and fruit body formation. The sister taxon F. pinicola, which is rather abundant in managed forests, generally occupies the same kind of substrate as do F. rosea, in addition to hardwood substrates. This also applies to other common basidiomycetes in the region, for example Phellinus vitticola, Antrodia sinuosa, and A. serialis. It might be that competition from some other species abundant in the same habitat may restrict the distribution and frequency of F. rosea. These speculations emphasize that most questions regarding the life-history characteristics and ecological demands of rare and threatened woodinhabiting fungi are still unanswered, which implies that precautions are required in their monitoring and conservation.
